body ATP-sensitive potassium channels [6]. This triggers AKH release in a calcium-and AMP-activated protein kinase-dependent fashion [13] . Similar to glucagon, AKH acts on energy stores in the fat body by mobilising carbohydrates in form of the haemolymph sugar trehalose (hypertrehalosaemic effect), and by mobilising lipid depots (adipokinetic effect) [8, [14] [15] [16] .
Abstract
Animals need to balance competitive behaviours to maintain internal homeostasis and to reproduce. The underlying mechanisms are complex, but typically involve neuroendocrine signalling. Using Drosophila, we systematically manipulated signalling between energy-mobilising endocrine cells producing adipokinetic hormone (AKH), octopaminergic neurons and the energy-storing fat body to assess whether this neuroendocrine axis involved in starvation-induced hyperactivity also balances activity levels under ad libitum access to food.
Our results suggest that AKH signals via two divergent pathways that are mutually competitive in terms of activity and rest. AKH increases activity via the octopaminergic system during the day, while it prevents high activity levels during the night by signalling to the fat body. This regulation involves feedback signalling from octopaminergic neurons to AKH-producing cells. AKH-producing cells are known to integrate a multitude of metabolic and endocrine signals. Our results add a new facet to the versatile regulatory functions of AKH-producing cells by showing that their output contributes to shape the daily activity pattern under ad libitum access to food.
Introduction:
Foraging behaviour is fundamental to the reproductive success and survival of all animals. When food is scarce, starving animals explore their environment in order to locate food sources. Depending on the amount of available energy and time of the day, foraging can suppress other essential behaviours like sleep. Upon food restriction, rodents and other vertebrate species increase their activity which can be interpreted as foraging [1, 2] . In humans, anorexia nervosa is associated with sometimes even excessive hyperactivity, likely triggered by a decreased titre of the peptide hormone leptin [1, 3] . Also in the fruit fly, Drosophila melanogaster, food deprivation induces locomotor hyperactivity (food search) [4, 5] , which is triggered by a signalling pathway comprising the peptide hormone adipokinetic hormone (AKH, an analogue to vertebrate glucagon) [4, [6] [7] [8] , and the biogenic amine octopamine (OA) [5, 9] . AKH is produced and released by endocrine cells in the glandular part of the corpora cardiaca (CCA; a homologue of the vertebrate anterior pituitary gland and an analogue of mammalian pancreatic alpha cells) [10] [11] [12] and is required to maintain haemolymph sugar and lipid levels [4, 7, 8, 11] . Upon starvation, carbohydrate levels in the haemolymph decrease, which is sensed by the AKH-producing cells (APCs) via specific G-protein coupled receptor (AKHR) [29, 30] . Yet, the functional significance of the AKHRs on OANs under ad libitum feeding conditions has not been rigorously tested.
We here used the genetically tractable fruit fly to experimentally address the role of AKH:OAN signalling for locomotor activity under non-starved conditions. We find that even under these conditions AKH signalling to OANs participates in shaping diel activity levels. Surprisingly, AKH-induced energy mobilisation appears to antagonize the AKH:OAN-dependent promotion of activity by preventing abnormally high nocturnal activity levels during an initial phase of starvation. In turn, OA modulates the activity of APCs via a feedback signalling comprising OAMBII receptors. Taken together, our results indicate that AKH:OAN and AKH:fat body signalling in Drosophila helps to balance and adjust locomotor activity in the ambivalence between foraging and sleep.
Results:
To validate our experimental conditions, we first confirmed that AKH is required for starvation-induced hyperactivity and affects starvation resistance ( Fig.S1-S5 ). As previously shown [4, 7, 8] , starved control flies showed a significant starvation-induced hyperactivity compared to fed controls ( Fig.S1-S4 ). This starvation-induced hyperactivity was impaired in flies lacking APCs due to the targeted expression of pre-apoptotic genes head involution defective (hid) and reaper (rpr) [32, 33] using Akh-Gal4 [4] . Flies lacking AKH signalling are starvation-resistant due to increased lipid stores in fat body cells [8, 15, 16] . In line with this, Akh>hid,rpr flies showed higher starvation resistance during activity recording, as on day 3 more than 80% of flies were still alive, compared to less than 15% of starved control flies ( Fig.S5 ).
Octopaminergic neurons modulate diurnal activity levels in fed flies
In addition to AKH, OA signalling is essential for starvation-induced hyperactivity [5] .
We first tested whether the OA neuronal system is also involved in modulating locomotor activity in flies that have permanent access to food. To manipulate OANs, we used the Tdc2-Gal4 line. Tdc2 (Tyrosine decarboxylase 2) is the enzyme necessary for the rate-limiting decarboxylation of tyrosine to tyramine (TA) which then is further hydroxylated by the Tyramine beta-hydroxylase (TßH) to OA [34] . Tdc2-Gal4 specifically marks OANs and tyraminergic neurons (TANs) [35] [36] [37] [38] . We first tested whether Tdc2-Gal4-positive neurons (Tdc2Ns) are involved in the modulation of locomotor activity in fed flies and ablated Tdc2Ns by the expression of UAShid,rpr. As expected, Tdc2>hid,rpr flies showed significantly reduced locomotor activity during the day, while activity levels during the night were unaffected ( Fig.1A-C ). We next blocked neuronal transmission of Tdc2Ns using UAS-ΔOrk [39] and UAS-shibire ts [40] to exclude any side effects due to cell ablation causing activity reduction. In line with the previous results, both electrical and synaptical silencing reduced locomotor activity levels specifically during the day ( Fig.1D-1I ).
Next, we constitutively increased excitability of Tdc2Ns by the expression of the bacterial sodium channel NaChBac [41] . Tdc2>NaChBac flies showed constant activity levels throughout the 24h day without any rhythmicity. Consequently, activity levels were higher during the usual midday siesta and during night, but lower during the morning. This results in normal cumulative activity levels during the day, but increased activity levels during the night ( Fig.1J -L). We next activated Tdc2Ns conditionally via the expression of dTrpA1, a temperature-sensitive member of the transient receptor potential (TRP) cation channel family [42, 43] and tested flies at a constant temperature of 31°C. Here, the higher temperature elicited a general increase in night activity ( Fig.S7) [44, 45] . Compared to controls, however, Tdc2Ns consistently decreased locomotor activity, but also increased night sleep [46] . Also the unexpected activity profile upon thermogenetic activation of Tdc2Ns is in contrast to a previous study that showed that dTrpA1 activation of Tdc2Ns leads to a significant decrease in night sleep [45] , as we only found a mild effect in the later phase of the night ( Fig.S7-S8 ). Nonetheless, the results show that OA/TA signalling promotes locomotor activity and hence wakefulness during the night [45, 46] or under starvation [5, 9] , and in addition shapes the general locomotor activity level during the day when flies have permanent access to food.
AKH:OAN signalling is important for the modulation of day-time activity
Our results and data from Tdc2 mutants [46] showed that blocking OA signalling reduced locomotor activity during the day, while constitutive and conditional activation of OA signalling due to expression of NaChBac and dTrpA1 mainly increased night activity (see results above) [45, 46] . We thus hypothesized that OANs signal primarily during the day but not during the night to modulate locomotor activity under ad libitum feeding conditions. This is consistent with the view of OA (and TA) being a stress hormone that is released during physical activity [17, 48] . AKH positively modulates OANs in cockroaches and fruit flies [9, 29] , which predicts that ablation of APCs and down-regulation of the AKH receptor (AKHR) specifically in Tdc2Ns will result in reduced locomotor activity during the day (when OA signalling is effective), but unaltered locomotor activity during the night (when OA signalling is not present under ad libitum feeding conditions). Indeed, similar to the ablation of Tdc2Ns ( Fig.1A -C), Akh>hid,rpr and Tdc2>AkhR-RNAi flies showed significant reduced locomotor activity during the day, while locomotor activity was unaffected during the night ( Fig.2A-F) . In order to demonstrate that the effect of the AKHR knockdown in Tdc2Ns was specific to day-time locomotor activity and not due to a general impairment of motor capability, we performed a startle-induced negative geotaxis (SING) climbing assay [49] . The performance of Tdc2>AkhR-RNAi flies was indistinguishable from genetic controls in this climbing assay, suggesting that motor capability was generally not affected by our genetic manipulation ( Fig.S9 ).
Interestingly, while the ablation of APCs led to a reduction in activity throughout daytime ( Fig.2A) , the average activity profile in Tdc2>AkhR-RNAi flies suggests that the reduction in activity is mainly based on a reduced morning activity bout, while locomotor activity around the evening peak was indistinguishable from genetic controls ( Fig.2F ). This day-time specific reduction of locomotor activity was considerably rescued when we restricted the expression of AkhR-RNAi to Tdc2Ns in the brain, using tshGal80 ( Fig.2G -I) [50] . Expression of GFP in The results so far are consistent with data from the cockroach Periplaneta americana, where AKHR is expressed in thoracic and abdominal octopaminergic dorsal unpaired median neurons and signals both via G q and G s to activate cAMP and Ca 2+ -dependent second messenger pathways [29, 30] . To confirm AKH signalling to OANs in thoracic and abdominal parts of the VNC, we bath-applied AKH to isolated VNCs (detached from the brain) and recorded changes in intracellular cAMP or Ca 2+ levels, respectively, in Tdc2Ns expressing the genetically encoded Epac1-camps50A [52] or GCaMP6m [53] sensors. All Tdc2Ns in the four VNC clusters responded to the synthetic adenylate cyclase agonist NKH477 with robust increase in cAMP (increase in the CFP/YFP ratio), showing that neurons were functional in our preparation (data not shown). Upon bath-application of 10 -5 M AKH, Tdc2Ns in the pro-, meso-, and metathoracic/abdominal cluster responded with a significant cAMP increase, while application of haemolymph-like HL3.1 saline solution as vehicle control had no effect ( Fig.3B -F) [54] . In contrast, free intracellular Ca 2+ levels did not significantly change in Tdc2Ns in the VNC upon AKH bath application compared to HL3.1 vehicle control. All Tdc2Ns significantly responded to carbamylcholine which served as a positive control for viability ( Fig.S10 -S13). These results suggest that activated AKHR modulate OAN activity via cAMP-dependent pathways. Of note, the observed AKH-induced increase in cAMP levels occurred with a time lag of at least 15 minutes after bath application of the peptide. We next overexpressed AKHR in Tdc2Ns and repeated cAMP imaging in the mesothoracic cluster. Overexpression of AKHR did not significantly increase cAMP beyond the level observed in controls ( Fig.3G ). Although the response to exogenous AKH occurred significantly faster, responses were still delayed with a mean lag time of around 10 minutes ( Fig.3H ).
This suggests that AKH induces slow cAMP elevations in OANs even if AKHR is overexpressed in these neurons, potentially in a dose-dependent manner. To provide further genetic evidence for the modulatory role of AKHR in OANs, we rescued AKHR expression specifically in Tdc2Ns in an AKHR 1 mutant background and monitored locomotor activity ( Fig.4A -C) [15] . Rescue flies showed significantly increased locomotor activity during the usual activity bouts in the morning and evening and during the early and late night, compared to AKHR-deficient controls
No difference in locomotor activity was apparent during the midday siesta, which is reflected by the lack of significant day-time activity differences compared to genetic controls.
AKH balances day and night locomotor activity via different signalling routes
Taken together, the results so far suggest that AKH modulates AKHR-positive OANs in the VNC (and potentially in the brain) [5, 9] to increase locomotor activity during the day when flies have permanent access to food. Yet, AKHR is also strongly expressed by the fat body [15, 23] where it mediates a hypertrehalosaemic effect of AKH and mobilizes stored energy in form of the haemolymph sugar trehalose ( Fig.7) . To test whether AKH:fat body signalling affects locomotor activity under ad libitum feeding conditions, we first knocked down AKHR expression specifically in the fat body using NP5267-Gal4. NP5267>AkhR-RNAi flies showed significantly increased locomotor activity during the night ( Fig.4C-E ). Further, specific rescue of AKHR in the fat body in a AkhR 1 -mutant background significantly reduced locomotor activity during morning and evening activity bouts as well as during midday siesta (phenocopying the impairment of AKH:OAN signalling; Fig.1 and Fig.2 ), while locomotor activity during the night appeared to be normal ( Fig.4F -H). These results suggest that -opposite to the stimulatory locomotor effect of AKH:OAN signalling -AKH:fat body signalling prevents an increase of activity with the most pronounced effect during the night. As previous studies suggested that haemolymph trehalose levels are lowermost at the end of the night and immediately after lights on [55] , we hypothesized that AKH modulates locomotor acitivty in a balanced statedependent manner. AKH:OAN signalling may prevail during the day promoting activity, while AKH:fat body signalling prevails during the night stabilising rest.
Figure 4: AKH balances day and night locomotor activity via different signalling routes. (A-C)
To test this hypothesis, we monitored locomotor activity of NP5267>AkhR-RNAi for three days, but this time under starved conditions. We assumed that flies lacking AKH:fat body signalling cannot compensate for the lack of food with energy mobilization from the fat body and thus will show an earlier onset of nocturnal starvation-induced hyperactivity earlier than control flies. Flies were recorded from ZT0 (lights-on; ZT=Zeitgeber time) in tubes that contained agarose providing water to prevent dehydration, but lacked sugar. All flies showed starvation-induced hyperactivity during the experiment ( 
Impaired AKH-dependent carbohydrate mobilisation is compensated by dietary uptake
So far, our results suggest that AKH signalling modulates locomotor activity not only under starved conditions, but also when animals have free and permanent access to food. The effect was most obvious during the night when feeding is absent or strongly reduced [55] . We assumed that during these nightly non-feeding phases, flies normally compensate the reduced dietary carbohydrate uptake via the hypertrehalosemic effect of AKH. However, flies deficient of AKH:fat body signalling are unable to maintain high trehalose levels [4, 7, 11] . This may in turn lead to increased AKH release, which will promote locomotor activity via integrated increase of AKH:OAN-signalling ( Fig.5A ) especially towards the end of the night to promote feeding, analogous to but less pronounced as starvation-induced hyperactivity. To find out whether APCs of flies with impaired AKH signalling are more active during the night, we first used calcium-dependent nuclear import of LexA (CaLexA) [56] , an integrator of long-term Ca 2+ activity. As expected, CaLexA-driven GFP expression increased significantly upon 24 hours of starvation in AKH>CaLexA flies ( Fig.S14B- 
showing that the method is apt to monitor APC activity.
On food, we found a weak and statistically not significant increase in CaLexAdependent GFP expression in Akh>CaLexA controls between end of the day (ZT10) and middle (ZT18) or end (ZT22) of the night (Fig.S14D , F-G). In Akh;amon-RNAi>CaLexA flies with reduced AKH signalling, we found a slightly but not significantly increased CaLexA-driven GFP expression compared to controls (Fig.   S14D , F-G). These results suggest that APCs generally have a low activity on food, and speak against a significantly increased need for energy mobilization in flies with impaired AKH signalling under our experimental conditions. We therefore tested whether the loss of AKH-dependent carbohydrate mobilization is compensated by dietary carbohydrate uptake. First, we quantified haemolymph sugar levels during the light phase under starved and ad libitum feeding conditions using mass spectrometry.
Indeed, APC-ablated flies under fed conditions showed similar haemolymph levels of sucrose, fructose, trehalose and glucose, although trehalose and fructose levels were somewhat reduced ( Fig.5G-J) . Under starved conditions, however, trehalose levels became depleted in APC-ablated flies (Fig.5I ), as has been found before [7] . Also, glucose levels were strongly though not significantly reduced. In contrast, fructose and sucrose levels did not significantly differ compared to controls and were generally very low ( Fig.5G-H) likely because the haemolymph titres of theses sugars originate mostly from dietary uptake. These results fully support our assumption that flies deficient in AKH signalling compensate impaired carbohydrate mobilisation by dietary uptake, and explain the similar activity levels of APCs between controls and AKH down regulated flies as determined with CaLexA.
Next, we quantified trehalose, glucose, and diacylglycerol levels every 4 hours during the day under ad libitum feeding conditions. In line with the results in Fig.5I , trehalose levels of Akh>hid,rpr flies were lowered but not significantly reduced compared to both controls (Fig. 5K ). Again, as expected from previous measurements (Fig.5J ), the glucose concentration reached similar levels in both Akh>hid,rpr and control flies ( Fig.5L ). Yet, the temporal pattern differed. Akh>hid,rpr flies showed constant low levels of trehalose during the night, while control flies displayed increased levels of trehalose during the siesta and night sleep phases suggesting trehalose mobilization from the fat body. The glucose level stayed constant within a certain range in controls, with a drop at the end of the night in AKH>w control flies (Fig.5L ). In Akh>hid,rpr flies, however, the glucose titre was low at ZT2 and steadily increased until ZT14 to then drop at ZT18 and increase again to a high level at ZT22. Given that Akh>hid,rpr flies are impaired in mobilising carbohydrates, this indicates feeding activity in Akh>hid,rpr flies especially around ZT22. Interestingly, no obvious differences in haemolymph diacylglycerol levels were detectable between the genotypes (Fig.5M ). Strong increases of diacylglycerol occurred at times when the glucose titre dropped even in Akh>hid,rpr flies ( Fig.5L ), providing further evidence for an AKH-independent lipid mobilisation pathway [15] .
Taken together, our results from APC activity and carbohydrate measurements show that Akh>hid,rpr flies are not able to mobilize trehalose from the fat body and largely rescue haemolymph carbohydrate titres by increased dietary uptake. 
OAN signalling modulates AKH cells in the corpora cardiaca
Our results so far support a role for AKH:OAN signalling under ad libitum feeding conditions. We next wondered whether OANs in turn provide feedback signals to the APCs in the CCA. Thus, we traced the projections of OANs in whole body sections of flies using a Tdc2 antibody ( Fig.6A-B ). Besides arborizations in the brain and VNC, we found Tdc2-positive fibres, presumably projecting from the brain to the CCAhypocerebral ganglion complex (CCA-HG complex, also known as stomodaeal ganglion; Fig.6B , arrowhead and inlet) via the stomodaeal nerve ( Fig.6B, asterisk) .
Thus, we assumed that OA may be released in vicinity of the AKH cells. Among the different OA receptors, OAMBII has been responsible for most OA actions [17] , and increases intracellular Ca 2+ levels in heterologous expression systems as well as in Drosophila neurons [57] [58] [59] . Using primers targeting different exons of the OAMBII gene [60] , we confirmed the expression of the OAMB-K3 isoform (Fig.6D , OAMB-K3 contains exon 7 but not 8) in the CCA-HG complex, while signals for the OAMB-AS isoform (OAMB-AS contains exon 8 instead of 7) were not detected ( Fig.6C ). To test whether APCs express functional OA receptors, we expressed the genetically encoded Ca 2+ sensor GCaMP6m in APCs and imaged the effect of bath-applied OA.
For these experiments, we used the whole larval central nervous system with attached ring glands as it was not feasible to dissect intact adult CCA-HG-brain preparations. Since at low trehalose levels the Ca 2+ concentration is generally high in APCs, we adopted a procedure developed by Kim and Rulifson (2004) to image Ca 2+ changes in these cells: preparations were first pre-incubated in 80mM trehalose solved in HL3.1 which decreased free intracellular Ca 2+ concentration to basal level by an increase of fluorescence intensity (Fig.6E, blue line) . In contrast, no changes in Ca 2+ levels were visible after bath application of the control solution ( Fig.6E, grey line), suggesting that APCs respond with increased Ca 2+ signals to OA signals ( Fig.6F ).
As our results suggest that OANs signal to APCs via the OAMBII receptor, we next performed a knockdown of OAMBII in these cells (Akh>OAMBII-RNAi). The knockdown resulted in significantly increased nocturnal activity ( Fig.6G-I ), suggesting that OANs modulate AKH release. Modulation of APC activity by OA is likely a common feature among insects, as OA was found to modulate AKH secretion in the locust [61, 62] . As the locust CCA is not innervated by OANs, this likely is due to hormonal action of OA [63] . In Drosophila, however, Tdc2-positive fibres innervate the CCA-HG complex and OA may act in a paracrine fashion. 
Figure 6: AKH release is modulated by OAN feedback signalling. (A) Whole body sections of flies displayed arborizations of Tdc2-positive neurons (white) in close vicinity of AKH cells in the CCA-HG complex (arrowhead, inlet). (B) shows a magnification of the red squared region in (A). White: anti-Tdc2; orange: anti-synapsin. (C-D) RT-PCR analysis confirmed that the OA receptor OAMBII-K3 isoform is expressed in the CCA-HG complex (blue #), but not the OAMBII-AS isoform (red #). (E)

Average changes in Ca 2+ levels of larval AKH cells to bath applied OA and HL3.1, respectively (Akh>GCaMP6m). AKH cells were pre-incubated with 80mM trehalose to reduce intracellular Ca 2+ levels to baseline (arrow at 100s). AKH cells responded to bath applied OA (arrow at 300s) with a strong increase in intracellular Ca 2+ levels (blue line; (F)); in contrast, no significant responses were obvious in response to the vehicle control (grey line). (G-I)
Discussion:
The daily activity and rest pattern of animals is determined by a multitude of intertwined systems and mechanisms at different levels. The general organisation is in large set out by the circadian clock and the sleep homeostat [64] , but internal and external signals can dramatically alter sleep/wake cycles and induce locomotor activity to meet physiological needs or to escape from harmful situations. A particularly well studied example is the starvation-induced locomotor activity in Drosophila, which is triggered by the action of the peptide hormone AKH on neurons that release the arousal signal OA [4, 5, 9] . On food, AKH signalling was thought to not affect general activity levels, as AKH or AKHR mutants show similar activity levels as controls [8, 65] , and display normal circadian sleep/wake patterns [4, 66] . Our study now suggests that the unaltered activity levels and sleep/wake patterns in AKH and AKHR mutants is an outcome of the combined loss of both branches of AKH signalling to the OANs (regulating locomotor activity) and to the fat body (regulating energy mobilisation). By specifically manipulating the two AKH signalling branches individually, we were able to uncover that AKH signalling balances and fine-tunes day and night locomotor activity levels when flies have unrestricted access to food.
When AKH:OAN signalling was genetically impaired, flies were significantly less active during the day. During the night, activity levels remained unaffected. When AKH:fat body signalling was impaired, the opposite was observed. Activity remained unaffected during the day, but flies were more active during the night. Concomitantly, AkhR 1 mutant flies with rescued AKH:OAN signalling were significantly more active during the night, while day activity was unaffected. Again, the opposite was observed when selectively AKH:fat body signalling was restored in AkhR 1 mutants: flies were less active during the day, while activity and sleep were unaffected during the night.
Based on our results and available literature data, we propose the following model for the modulatory action of AKH on balancing activity under ad libitum feeding conditions ( Fig.7) . When the fly needs to mobilize energy, for example due to increased physical activity during the day, AKH is released into the circulation to mobilize carbohydrate and lipid fat body stores, and simultaneously activates OANs in the VNC (see Fig.2 ) and SEZ [9, 67] . The resulting increase in haemolymph trehalose and glucose titres negatively feeds-back to APCs, reducing their secretory activity via opening of ATP-sensitive potassium channels [6] . This reduces AKH:fat body signalling, as long as fat body energy stores are not depleted (under fed conditions), and simultaneously prevents a strong activity-promoting effect of timedelayed AKH:OAN signalling. Under starved conditions, however, energy stores become depleted, which leads to a strong and long-lasting increase in the haemolymph AKH titre once carbohydrate levels fall, which in turn stimulates hyperactivity via the activation of OANs [4, [7] [8] [9] . the fat body to restore haemolymph sugar levels. This will inhibit the activation of locomotor activity by OANs and thereby stabilizes sleep especially during the night. As a stress hormone, the release of AKH presumably balances not only locomotor activity and sleep to feeding; AKH release will rather induce a general hypermetabolic response, an increase in respiration and immune response [57] .
When AKH:fat body signalling is genetically impaired, flies cannot efficiently mobilise fat body energy stores when haemolymph carbohydrate levels are low. Nevertheless, at least during the day, haemolymph sugar levels are restored by dietary uptake, as suggested by the observed normal trehalose and glucose titres in APC-ablated flies kept on food. As a consequence, impairing AKH:fat body signalling in flies with free access to food does in general not induce strong hyperactivity as flies can perform compensatory feeding. However, flies are non-continuous feeders that normally feed little during sleep [68] [69] [70] . During these rest phases, the loss of AKH-dependent carbohydrate mobilization leads to increased AKH release during the night, which in turn positively modulates OANs and subsequently leads to the observed increase in nocturnal activity. Previously, it was already shown that a loss of AKH function induces upregulation of Akh expression [8] . This scenario is in line with the observed constant low levels of trehalose, and increasing levels of glucose during the night in flies that generally lack AKH signalling. These flies obviously compensate the loss of carbohydrate mobilisation by feeding during the nocturnal phase, but without triggering increased nocturnal locomotor activity as also AKH:OAN signalling is impaired. Increased feeding in AKH deficient flies is also suggested by the transcriptional up-regulation of the orexigenic peptides NPF and CCHa2 in AKH mutant flies, which paradoxically was not found to be coupled to increased total feeding [71] .
When AKH:OAN signalling is specifically impaired under ad libitum feeding conditions, flies are still sufficiently able to mobilise their energy stores (via AKH:fat body signalling) to meet the metabolic requirements during rest at night, as evidenced by the observed normal nocturnal activity patterns. However, when AKH:OAN signalling is impaired during the light phase, the increased energy demand during diurnal physical activity triggers AKH release which is then no longer able to stimulate activity-promoting OA signalling, explaining the observed reduced locomotor activity in Tdc2>AkhR-RNAi flies.
The observed effects of manipulating the two AKH signalling branches are not very strong, and our study does not suggest that AKH is a major factor in shaping locomotor activity patterns. Yet, AKH appears to be one of presumably several factors that fine-tune locomotor activity patterns to meet physiological requirements under nearly stress-free conditions. OANs and AKH cells receive a multitude of converging and interconnected inputs, especially from DILPs, with extensive feedbacks. For example, OANs in the SEZ express receptors for AKH and DILPs, and integrate the nutritional status by responding to AKH and DILPs in an antagonistic fashion [9] . In addition, AKH cells are negatively modulated by insulin-producing cells (IPCs), suggesting feedforward signalling from IPCs to OANs via AKH signalling in parallel to direct IPC:OAN signalling [72, 73] . AKH signalling in turn is required for the carbohydrate-dependent release of DILP3 [74] , and represses expression of DILP2,3 and 5 [71] . Moreover, feeding and diet as well as gustatory perception also influence activity and sleep [75] [76] [77] , and AKHR is expressed by gustatory neurons including those that express the sugar-sensing receptor Gr5a [16] . AKH production or release is also modulated by diurnal myokine (unpaired 2)-secretion from muscles [78] . Thus, any manipulation of AKH or OA signalling likely results in complex neuroendocrine changes. This complexity may also underlie differences in the effect and effect size observed between different studies, and was ignored in our study. At least, the locomotor activity-promoting effect of OA seems not to be mediated by DILPsignalling [45] albeit potentially via IPCs [79] . DILP-signalling seems to rather function upstream and inhibits AKH and OA signalling as DILP2-3,5 mutants show increased day-time activity dependent on AKH and OA signalling [73] . These findings strengthen the view that AKH and AKH:OAN signalling are directly important to balance sleep-wake behaviour.
Which OANs are involved in balancing activity levels with respect to other competing drives?
A subset of OANs in the SEZ balance sleep and courtship in male flies. Activation of these octopaminergic MS1 neurons suppressed sleep, while silencing the same neurons led to decreased female-induced sleep loss and impaired mating behaviour in male flies [80] . Furthermore, other OANs in the SEZ are important to integrate AKH and DILP signals to modulate activity levels in response to the nutritional situation [9] .
The octopaminergic ASM cluster located in the supraesophageal zone has been identified to further include wake-promoting OANs [79] .
Consistent with findings from the cockroach [29, 30] , we now show that OANs in the VNC are a likely part of an AKH signalling pathway that modulates activity levels under ad libitum feeding conditions. Tdc2>AkhR-RNAi flies showed reduced activity levels during day-time, while this phenotype was reduced in flies expressing tshGal80, which blocks expression in OANs located in the VNC. However, around 7
Tdc2Ns in the VNC were still labelled despite the expression of tshGal80. Future studies will clarify whether the slightly lower day activity displayed by Tdc2,tshGal80>AkhR-RNAi flies is based on those persisting cells in the VNC or due to OANs in the central brain normally expressing AKHR. In support of an evolutionary conserved action of AKH in the VNC, injection of AKH into the mesothoracic neuropile of the moth Manduca sexta leads to increased activity of motor neurons [81] .
Supplement Figures:
(S1-S4) In For each sample, 20 flies were perforated by a thin needle at the thorax and put in a perforated 0.5ml Eppendorf cap, which was fitted into a 1.5ml Eppendorf cap.
Haemolymph was collected within the 1.5ml Eppendorf cap after 1min of centrifugation in a benchtop centrifuge at 5000 rpm, and immediately deep-frozen until mass spectrometric analysis. Table   2 ). Glucose-6,6-d 2 and Trehalose-1,1′-d 2 were used as internal standards for quantification of mono-and disaccharides. Trehalose-1,1′-d 2 343 180 32 15 Determination of diacylglycerols were performed according to [86] . Prior to analysis, haemolymph samples were dried and recovered in 75 µl isopropanol containing 1 µg/ml 1,2-didecanoyl-glycerol used as an internal standard.
Statistics:
Data was analysed for normal distribution using the Shapiro-Wilk test. For statistical comparison between genotypes, a pairwise t-test was used for normally distributed data, a pairwise Wilcoxon rank sum test was used for not normally distributed data 
